A recent paper by Finnerty expresses the value of a convertible bond as the value of the straight bond component plus the value of the option to exchange the bond component for a specified number of conversion shares and develops a closed-form convertible bond valuation model. This article illustrates how to apply the model to value nonredeemable convertible bonds and callable convertible bonds. The article also compares model and market prices for a sample of 148 corporate convertible bonds issued between 2006 and 2010. The average median and mean pricing errors are À0.18% and 0.21%, respectively, which are within the average bid-ask spread for convertible bonds during the postcrisis sample period.
Introduction
A convertible bond gives the holder an American option to convert the bond into common stock by exchanging it for a specified number of common shares at any time prior to the bond's redemption. Often, the firm has an American call option, which it can use to force conversion before the bondholders voluntarily convert, if the conversion option is in-the-money, and the bondholders may have one or more European put options, which they can use to force premature redemption. The interaction of these options with the firm's default option requires a contingent claims valuation model to capture fully a convertible bond's complex optionality.
A recent article by Finnerty (2015) models an investor's option to exchange the straight bond component for the conversion shares and develops a closed-form convertible bond valuation model. It obtains an explicit expression for the value of the option to exchange the straight bond for the conversion shares by applying Margrabe's (1978) insight into how to value the option to exchange one asset for another asset. It then expresses the value of a convertible bond as the value of the straight bond component plus the value of the exchange option component.
This article illustrates how to apply the model to value nonredeemable convertible bonds and callable convertible bonds. It values callable convertibles by modeling the firm's option to force early conversion within a stopping time framework. The exchange option convertible bond pricing model is simpler to use than the more mathematically sophisticated partial differential equation (PDE) models. The article also reports the results of empirical tests of the model. The overall average median and mean pricing errors are À0.18% and 0.21%, respectively, which are within the average bid-ask spread for the convertible bond sample during the postcrisis period.
Literature Review
The convertible securities literature reflects two main strands of research. One set of papers (Lewis, Rogalski, and Seward 1998; Lewis and Verwijmeren 2011; Nyborg 1996) investigates how the traditional convertible bond structure-straight bond with the option to convert it into a fixed number of common shares-has been reengineered.
1 These papers analyze the firm's motivation for developing innovative structures, including the desire to mitigate the costs of external financing, such as asset substitution (Green 1984) , financial distress and asymmetric information (Brown et al. 2011; Nyborg 1995; Stein 1992) , risk uncertainty (Brennan and Schwartz 1988) , and over-investment (Mayers 1988) ; to give conventional bond investors an equity sweetener (Nyborg 1996) ; and to manage publicly reported earnings (Lewis and Verwijmeren 2011) . The literature has documented a rich variety of innovative structures (Bhattacharya 2012; Lewis and Verwijmeren 2011) .
Convertible securities have evolved in response to the capital market's growing sophistication and improved analytical capability. The optionality of convertible securities is attractive to hedge funds, which accounted for about 80% of the funds invested in convertible securities in the United States and possibly an even higher percentage of European convertibles prior to the recent financial crisis (Bhattacharya 2012; Horne and Dialynas 2012) .
2 Hedge funds, in particular, develop arbitrage strategies that are designed to capitalize on the perceived mispricing of the convertibles' embedded options. 3 This article concerns the traditional form of callable convertible bond, which again accounts for the majority of new issuance as hedge funds have become less of an influence since the 2008-2009 financial crisis (Bhattacharya 2012) .
The second main body of convertible securities research develops and empirically tests convertible security pricing models. Contingent claims models for convertible bond pricing first appeared in the 1970s. Ingersoll (1977) and Brennan and Schwartz (1977) developed the first such models in the spirit of the seminal Black-Scholes-Merton (Black and Scholes 1973; Merton 1973 ) contingent claims methodology. They develop PDE models, which specify a stochastic process for each factor that drives option value, correlations between processes, and a set of boundary conditions that embody the assumed option exercise behavior. Ingersoll (1977) and Brennan and Schwartz (1977) develop singlefactor structural models that extend Merton's (1974) corporate bond valuation model to convertible bonds. The value of the firm's assets follows geometric Brownian motion, and the firm's equity, convertible securities, and other debt are contingent claims on the value of its assets. Debt holders face credit risk because they get fully paid only if the value of the firm's assets exceeds what they are owed. Ingersoll (1977) notes that analytic solutions are not readily obtainable for callable convertible bonds because of their complexity. Brennan and Schwartz (1977) independently considered the valuation of convertible bonds within the same framework as Ingersoll (1977) and obtained many of the same results but under more general conditions. Brennan and Schwartz (1980) extend the Brennan and Schwartz (1977) model by assuming that the short-term riskless rate follows a mean-reverting lognormal stochastic process. In both models, the firm might default on the convertible bond at maturity, in which case bondholders receive a fixed fraction of the face value. The resulting PDE model, which includes four boundary conditions defining the conversion, call, maturity, and bankruptcy conditions, must be solved numerically. They demonstrate that under reasonable assumptions about the interest-rate process, assuming a nonstochastic riskless rate would introduce errors of less than 4%. McConnell and Schwartz (1986) extend the Brennan and Schwartz (1980) model to value what has proven to be a very popular form of convertible security, zero-coupon convertible bonds, which provide for a series of embedded firm call options and investor put options. Nyborg (1996) compares PDE models and the simple single-factor lattice model. In practice, the single-factor binomial lattice model is one of the most widely used convertible security valuation models (Bhattacharya 2012; Hull 2012 ). These models take two important shortcuts. They assume a constant riskless rate, which ignores interest rate volatility, and a constant credit spread, which ignores credit spread volatility, to capture the default risk and model the convertible bond as a contingent claim on a single factor, the firm's stock price. For example, Tsiveriotis and Fernandes (1998) develop a lattice model that decomposes convertible bond value into two components. One applies when the conversion feature is not exercised and the security ends up as debt. Payments are discounted at the riskless interest rate plus a credit spread. The other applies when the conversion option is exercised and the bond winds up converted into common stock. Payments are discounted at the riskless interest rate. Ammann, Kind, and Wilde (2003) test this model on a sample of twenty-one French convertible bonds and find that it produces values that are on average more than 3% higher than the observed market prices and that the overpricing is most severe for out-of-the-money convertibles.
The lattice approach can handle more than one factor but simplifying assumptions are required to make the model manageable. For example, Hung and Wang (2002) describe a two-factor reduced-form model that extends the Jarrow and Turnbull (1995) model to convertible bonds. The model contains a binomial stock price lattice, an uncorrelated binomial interest-rate lattice, exogenous time-varying default probabilities, and an exogenous constant recovery rate. Yet, even with these simplifications, the tree is complex because each node emits six branches. Carayannopoulos and Kalimipalli (2003) extend the trinomial lattice model of Kobayashi, Nakagawa, and Takahashi (2001) . They empirically test it on a sample of 434 price observations for twenty-five frequently traded convertible bonds between January 2001 and September 2 The importance of hedge funds in the convertible securities market declined following the financial crisis of 2008-2009, but they still represent about 40% of convertible ownership and 50% to 75% of convertible trading volume in the United States (Bhattacharya 2012) . 3 Convertible arbitrage capitalizes on any perceived mispricing of the embedded call option by hedging the equity risk so as to realize a supernormal return on the bond component. Equity volatility arbitrage seeks to capitalize on any difference between the implied volatilities for a particular stock implicit in the prices of a convertible bond and credit default swaps on the same firm's bonds. Capital structure arbitrage seeks to exploit a perceived inconsistency in either the probability of default or the expected default recovery implicit in the prices of a convertible bond and other debt of the same firm. See Bhattacharya (2012) and Horne and Dialynas (2012) for a more detailed description of these strategies.
2002. The median percentage difference between the model prices and the observed market prices is 5.21% (overpricing) for convertible bonds with approximately at-the-money exchange options, between 5.07% and 9.09% (overpricing) when the exchange option is outof-the-money, and between À8.54% and À9.94% (underpricing) when the exchange option is in-the-money.
This article describes a closed-form exchange option model for valuing a conventional (nonputable) convertible bond when the riskless interest rate and the firm's credit spread and share price are all stochastic, dividends are paid at a constant continuous rate, the convertible is callable according to a prespecified call price schedule, and the discrete bond coupon rate of interest is reexpressed as an equivalent constant cash flow yield on the value of the straight bond component of the convertible bond. The exchange option model is simpler to apply than lattice models. We report the results of tests of the model's pricing accuracy, which find that the average median and mean pricing errors are within the average bid-ask spread for convertible bonds during the sample period.
Exchange Option Valuation Model
The section describes how to value a convertible bond as a straight bond plus the option to exchange the bond for the underlying shares. Finnerty (2015) provides a detailed mathematical derivation of the exchange option convertible bond pricing model. The essential step in the valuation framework is to decompose a convertible bond into a straight bond plus the option to exchange the bond for the conversion shares. The number of common shares N into which the bond is convertible (the conversion ratio) is fixed at the time the bond is issued. The share price on the valuation date T 1 is S T 1 , and the stock pays dividends at the continuous yield d. The convertible bond matures at T M . It remains outstanding until it is converted or redeemed at T 2 T M . We address how to estimate T 2 later in the article.
Bðr T 1 ; s T 1 ; T 1 ; T M Þ (denoted B T 1 ) is the price on the valuation date T 1 of a coupon-bearing bond maturing at T M . T 1 when the short-term riskless rate is r T 1 and the short-term credit spread is s T 1 Define c as the equivalent continuously compounded average annualized constant cash flow yield on the value of the bond component.B(r t ,
ÀcðT 2 ÀT 1 Þ is the present value of the forward price of the bond component.
The value of the exchange option is
where H(Á) is the standard normal cdf:
Equation (1) is the value of a European option to exchange one asset for another (Margrabe 1978) . The price ratio volatility, r 2 C , can be estimated directly from stock and bond price time series for the issuing firm. Finnerty (2015) finds that the common stock price volatility can be used in place of the price ratio volatility without any appreciable loss of pricing accuracy. We adopt that simplification in this article.
The value of the convertible bond is
Equation (4) can be applied very simply when the firm has a publicly traded bond whose features are similar to those of the straight bond component or if investors can determine the market price at which the firm could issue such a bond. Value the exchange option using equation (1) and add the market price of the straight bond. Equation (4) assumes the convertible bond pays accrued interest to the (forced) conversion date T 2 . Accrued interest is usually not paid when bonds are converted, although there has been an increasing tendency in recent years to pay accrued interest (Bhattacharya 2012) . When the convertible bond is coupon-bearing and the interest that has accrued since the last interest payment date must be forfeited when the bond is converted, subtract the present value of the interest that is expected to be forfeited.
Valuing Callable Convertible Bonds
Convertible bonds often have call options, which the issuer can use to force conversion by calling the bonds for redemption when the bondholders' conversion option is in-the-money. The bondholders' best strategy in that case is to convert the bonds into stock because converting yields greater value than turning the bonds in for cash redemption.
A firm will try to minimize the cost of the convertible bond by extracting the maximum option time premium
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TM -Fall 2017 Page 87 from investors. If the firm could redeem bonds instantaneously, then in a frictionless market, it would call the convertible bonds for redemption as soon as the conversion value reaches the effective call price (the stated call price plus accrued interest). The intrinsic value of the conversion option is zero, and the time premium is a maximum because the option is at-the-money. However, market imperfections and agency costs could make this strategy impractical. Empirical studies have found that firms often waited until the conversion price exceeded the effective redemption price by about 20% before forcing conversion (Asquith 1995; Asquith and Mullins 1991) . A redemption cushion increases the value of the convertible bond because it delays the forced conversion and thereby reduces the investors' loss of time premium. Most convertible bonds issued since 2003 are dividendprotected. For example, Grundy and Verwijmeren (2012) find that more than 82% of the convertible bonds issued between 2003 and 2006 were dividend-protected. Table 1 confirms that this predominance has continued through 2013. The conversion price adjusts downward to reflect fully each cash dividend payment, preserving the value of the conversion shares against all but a liquidating dividend. Consequently, a firm will find it optimal to force conversion as soon as the conversion value first reaches the effective call price (zero redemption cushion). Brennan and Schwartz (1977) and Ingersoll (1977) first suggested this behavior. Convertible issues that lack dividend protection may still have a redemption cushion when the firm calls them.
Upon a dividend event, a dividend-protected convertible bond issue automatically has the conversion ratio adjust according to the following formula:
where CR 1 is the conversion ratio in effect after the payment of a dividend of div per share; CR 0 is the conversion ratio in effect prior to the dividend payment; and S d is the cum-dividend stock price. This adjustment is captured in equations (1), (2), and (4) by setting d ¼ 0.
Finnerty (2015) models forced conversion as a ''stopping time'' problem. The firm calls the bond to force conversion the first time its share price reaches the forced conversion barrier, which determines the forced conversion date. This date is the ''stopping time'' because the bondholder will convert the bond (and stop holding it) on this date.
The bond indenture specifies a schedule of redemption prices, R t , which usually step down in equal annual amounts. Each redemption price is expressed as the face amount multiplied by one plus the percentage redemption premium, e.g., 1,050 when the face amount is $1,000 and the redemption premium is 5%. The following procedure can be used to find the expected forced conversion date. The firm calls the bond to force conversion the first time the firm's share price reaches the forced conversion barrier, which is the forced conversion date, denotedT 2 . We assume that bondholders will expect the firm to call the convertible bond to force conversion atT 2 . The forced conversion barrier is equal to the effective redemption price R b T 2 multiplied by a redemption factor K, which is equal to one plus the issuer-selected percentage redemption cushion. Once the issuer selects the percentage redemption cushion, K, together with the schedule of optional redemption prices and the stated coupon rate on the bond uniquely determine the position of the forced conversion barrier at each future date. In the valuation model, each point on the forced conversion barrier is present valued at the risky yield y c on the straight bond component back to T 1 to facilitate a contemporaneous comparison between the expected redemption price and the expected conversion value at T 1 when the bondholders are assumed to estimate the expected forced conversion dateT 2 . The risky yield y c is the proper discount rate because the firm's ability to make a cash redemption payment on its debt is subject to the same default risk as any other cash debt payment the firm makes.
T 2 can be found iteratively. 
Ày c ð b T 2 ÀT 1 Þ , the second period's earliest optional redemption date would be the assumed forced conversion dateT 2 . Otherwise, incrementT 2 by 1 again and continue the search process. The search procedure usually findsT 2 after at most a few steps. Figure 1 illustrates the search procedure. For example, suppose
À5y c (780 ¼ 780). Thus, the best estimate isT 2 -T 1 ¼ 5 years. For most issues,T 2 -T 1 will not exceed 5.0 years, which also marks the upper end of the range of acceptable ''breakeven'' values that outright buyers of convertible bonds (i.e., investors other than hedge funds) traditionally used in performing convertible payback calculations (Ritchie 1997) . 4 The exchange option model (4) includes the difference between the value of the option to exchange the bond for the underlying stock and the value of the firm's option to redeem the exchange option within a single calculation. The formula values the forced conversion option (and prices the convertible bond) using the expected date of forced conversion, rather than taking the expectation of the convertible bond price across the different possible forced conversion dates. The value of the firm's option to force early conversion is a convex function of the time to forced conversion, as illustrated in Figure 2 . As a result, my model tends to understate the value of the forced conversion option and therefore overstate the convertible bond's price. The empirical test results reported later in this article suggest that any overpricing due to this convexity effect remaining after calibrating the model to recent market prices is slight.
Examples

Nonredeemable convertible bond
This section illustrates the application of the exchange option convertible bond pricing model (4) and tests its accuracy by comparing the clean model price to the clean market price for the nonredeemable EMC Corp. (EMC) 1.75% convertible senior notes due December 1, 2011. These prices are compared on the last trading day of each month between July 2009 and November 2011. The EMC notes were issued at par on February 2, 2007, with a 1.75% coupon and a 27.5% conversion premium. They are convertible into 62.198 shares of EMC common stock any time before the close of business on the maturity date making the stated conversion price $16.08 per share. The true conversion price varies with the value of the bond component. For example, EMC notes with a 1.75% coupon and maturing December 1, 2011, would be worth $1,218.17 on August 31, 2010, which implies a true conversion price equal to $19.59 per share. The notes were initially rated BBBþ by Standard & Poor's and were upgraded to AÀ on June 16, 2008. The issue had $1,725 million principal amount outstanding, making it relatively liquid. The issue does not have a sinking fund. EMC noteholders are dividend-protected, and the exercise of the conversion option can only be settled in EMC common stock.
Since the convertible bond is nonredeemable, the bond and exchange option components are valued assuming their expected term equals the convertible bond's maturity. Table 2 illustrates the step-by-step valuation process for the EMC 1.75% Convertible Senior Notes as Figure 1 Choosing the forced conversion dateT 2 . The figure illustrates an iterative procedure for findingT 2 and R b T 2 .
4 Some convertible security investors perform a payback calculation to assess the relative attractiveness of a direct investment in the firm's common stock versus an indirect investment through the purchase of the firm's convertible bonds (Bhattacharya 2012) . This calculation quantifies the trade-off between buying the common stock at a (conversion) premium and recouping this premium over time from the difference between the interest on the bonds and any dividends on the underlying common stock. Convertible securities investors who consider the payback calculation in their convertible securities investment decisions seem to prefer a payback period that does not exceed the call protection period. Note that exclusive reliance on payback would lead to flawed investment decisions for the same reasons it is deficient as a capital budgeting decision criterion. This simple procedure does not take into account the idiosyncratic company-specific credit risk of the bond component. To account for this risk, we also applied an alternative valuation procedure. We employed a dynamic calibration technique that uses yield adjustments for the six previous valuation dates to recalibrate the model monthly (Finnerty 2015) . Specifically, for each calibration date, solve for the yield on the bond component that equates the clean model price to the clean market price; calculate the difference between the computed yield and the sum of the Treasury yield plus the BofA Merrill Figure 2 The value of a convertible bond and the firm's option to force conversion. The voluntary conversion date that maximizes the value of the convertible bond is T 2 *, assuming the firm cannot force conversion prior to that date. Convertible security holders are forced to convert atT 2 , which results in a loss of value equal to the difference between the convertible security's value assuming optimal voluntary conversion and its value with forced early conversion. The value of the firm's option to force conversion, which is measured by the investors' loss of value resulting from forced conversion, declines as the exchange option seasons and reaches zero at T 2 *.
5 Information concerning the Treasury Constant Maturity Yield is available at http://www.federalreserve.gov/releases/h15/current/h15.pdf. 6 The BofA Merrill Lynch OASs are the calculated spreads between a computed OAS index of all bonds in a given rating category and the spot Treasury curve. An OAS index is constructed using each constituent bond's OAS weighted by the bond's market price.
Lynch OAS; and average the six spread adjustments. Add the average spread adjustment to the valuation date Treasury yield plus OAS to obtain the discount rate y and then calculate the value B t of the straight bond component:
where CF j is the interest and principal payment in semiannual period j and J is the number of periods. We report the bond valuations obtained using this more detailed alternative valuation procedure in Panel D of Table 2 . Next, after valuing the bond component, value the exchange option using equations (1)-(3). We do this in Panel C of Table 2. Adjust the current value of the bond component for the coupon payments expected to be paid ÀdðT 2 ÀT 1 Þ when cash dividends are paid at the rate d. The EMC noteholders are dividend-protected, so the conversion value is unaffected by dividend payments. Upon a dividend event, a dividend-protected convertible bond issue automatically has the conversion ratio adjust according to equation (5). Convertible noteholders thus receive the value of the cash dividends EMC will pay between the date of purchase and the date of conversion.
The price ratio volatility equals the stock price volatility when the convertible bond is nonredeemable. Estimate the stock price volatility for each valuation date by applying the implied volatility function (IVF) methodology described in Hull and Suo (2002) , which utilizes the volatilities implied by the prices of markettraded call and put options on a stock to express volatility as a function of the remaining option term and moneyness. This IVF is used to infer volatility for the stock option being valued by extrapolating long-term volatility from short-term exchange-traded option implied volatilities. It involves fitting a skew function to the implied volatilities. A typical skew function is of the form
where x ¼ (strike/forward stock price), T ¼ time to maturity, and C 0 , C 2 , and q are time-dependent parameters to be estimated for each maturity and C 0 is the at-the-money volatility. The parameters are estimated by ordinary least squares. We also performed each valuation using two other stock price volatility measures obtained from Bloomberg: the six-month historical stock price volatility and the implied stock price volatility for a three-month at-themoney option. Both ignore the exchange option's moneyness but have the advantage of being readily available on a Bloomberg screen. 8 We used these volatility estimates to test whether this simpler approach could achieve acceptable pricing accuracy.
After valuing the exchange option, we add it to the value of the bond component to get the model price of the EMC convertible notes as of August 31, 2010, which we report in Panel C of Table 2 . The pricing error is between À0.57% and 2.07% depending on the stock price volatility estimate used. We also valued the exchange option and the convertible bond in Panel D of Table 2 by applying the alternative procedure that takes into account the idiosyncratic company-specific credit risk of the bond component. It should therefore normally provide a more accurate valuation, but at the cost of requiring a more complex calculation. The pricing errors, which are reported in Panel D, are between 0.03% and 1.08% and are uniformly lower than the pricing errors for the simple procedure in Panel C.
We also applied the more detailed valuation procedure at monthly intervals between July 31, 2009, and November 30, 2011. Table 3 reports the pricing errors for the EMC convertible notes when the exchange option valuation model is recalibrated monthly. The median pricing error using the IVF methodology is 0.03%, and the mean pricing error is À0.03%. The two other volatility estimates lead to slightly larger average pricing errors, which are still within À1.17%. Figure 3 illustrates how the clean model price closely tracks the clean market price between July 31, 2009, and November 30, 2011. It also breaks down the value of a EMC note into its bond and exchange option component values. Figure 4 shows how the value of the EMC noteholders' exchange option varies with the implied volatility and the time to maturity as of July 31, 2009, just after the financial crisis period ended. The exchange option is more valuable the higher the implied volatility and the longer the time to expiration, as option theory predicts.
Callable convertible bond
This section compares the model price to the actual market price for the callable (but nonputable) Maxtor Corporation (STX) 2.375% convertible senior notes due August 15, 2012. The STX notes were issued at par on February 1, 2006, with a 2.375% coupon and a 23% conversion premium. They were initially convertible into 153.1089 shares of STX common stock any time before the close of business on the maturity date making the stated conversion price $6.5313 per share. The conversion ratio was 60.2074 shares as of the valuation date. Note. This table uses the exchange option convertible bond pricing model to value the nonredeemable EMC Corp. 1.75% convertible senior notes due December 1, 2011, between July 2009 and November 2011. The model price before calibration is estimated assuming that the bond component of the convertible note has a yield consistent with the Treasury constant maturity yield term structure plus the BofA Merrill Lynch U.S. corporate OAS for bonds with commensurate credit rating on each valuation date. The calibration technique uses a moving estimation window with yields for the preceding six months as the calibration period. Three methodologies are used to calculate the volatility of the exchange option: (1) Implied Volatility Function; (2) Bloomberg six-month historical stock price volatility; and (3) Bloomberg three-month at-the-money implied volatility. * Pricing error is calculated as the difference between the clean model price and the reported clean market price divided by the clean market price.
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it relatively liquid. The issue does not have a sinking fund. STX noteholders are dividend-protected, and the exercise of the conversion option can be settled only in STX common stock. The STX notes were redeemable beginning on August 20, 2010, at a price equal to 100.68% of the principal amount plus accrued and unpaid interest to, but not including, the redemption date. If STX decides to redeem part or all of the notes, it would have to give the holders at least 30 days' but no more than 60 days' notice. STX would pay the conversion value unless it fell below the redemption value. The STX convertible notes are valued assuming zero redemption cushion, K ¼ 1, and R ¼ $1006.80.
We use the stopping time methodology to determine the notes' expected forced conversion dateT 2 and equation (4) to value the notes. Table 4 illustrates ¼ $1006.80 since the STX exchange option was expected to be in-the-money. Panel A provides the other assumptions. The value of the straight bond component using the basic procedure is $902.33, which is calculated in Panel B. The value of the exchange option and the value of the convertible bond are calculated in Panel C using three stock volatility measures. The pricing errors are between À4.58% and À5.09% and average a little under 5% underpricing.
Panel D of Table 4 values the STX 2.375% convertible senior notes using the more detailed alternative procedure, which takes into account the idiosyncratic company-specific credit risk of the bond component more accurately by recalibrating the model monthly. As expected, the more detailed procedure achieves greater accuracy with pricing errors between À2.16% and À3.43% and averaging less than 3% underpricing. Table 5 reports the pricing errors for the STX 2.375% convertible senior notes when they are valued on the last trading day of each month between July 2009 and August 2010 and the model is recalibrated monthly. The median pricing error using the IVF methodology is À0.84%, and the mean pricing error is À1.22%. The two other volatility estimates lead to somewhat larger average pricing errors. Figure 5 compares the clean market price to the clean model price for the STX convertible notes under two assumptions: the firm forces conversion optimally and the firm never forces conversion. The model price assuming optimal forced conversion closely tracks the market price, but the model price assuming there will be no forced conversion significantly overstates the market price for almost the entire period, which confirms that forced conversion risk is priced by the market. Finnerty (2015) describes how the valuation model (4) can be further extended to value convertible bonds that are both callable and putable.
Empirical Tests
Finnerty (2015) tested the accuracy of the exchange option convertible bond pricing model (4) using market prices for a sample of 148 convertible bond issues. Month-end TRACE bond prices were obtained from Bloomberg for the period January 31, 2006, through January 31, 2014.
9 Clean model prices were compared to observed clean market prices monthly for three subsamples of bonds issued between January 2, 2006, and December 31, 2010, with a principal amount of at least $100 million: eighty-seven nonredeemable (noncallable and nonputable), six callable (but nonputable), and fiftyfive callable and putable convertible bonds. 19, 2008, and October 8, 2008 , severely disrupted the convertibles market. The SEC's short selling restrictions prohibited the short selling that hedge funds use to hedge their convertible bond investments making convertible bond investing riskier and driving some hedge funds from the market. As a result, the model would be expected to overprice convertible securities during the short sale ban period.
To value each convertible bond, Finnerty (2015) valued the straight bond component using the more detailed valuation procedure described earlier in the article, applied equations (1)-(3) to value the exchange option, and summed the two component values. So long as the convertible is dividend-protected, a zero redemption cushion was assumed. Finnerty (2015) also assumed optimal option exercise by firms and investors. Common stock volatility was used in place of the price ratio volatility in equations (1)-(4). Stock price volatility was estimated for each valuation date by applying the IVF methodology described in Hull and Suo (2002) , which utilizes the volatilities implied by the prices of markettraded call and put options on a stock to express volatility as a function of the remaining option term and moneyness. Each convertible issue was also valued using two other stock price volatility measures that were obtained from Bloomberg: the six-month historical stock price volatility and the implied stock price volatility for a threemonth at-the-money option. Using these volatility estimates tests whether this simpler approach could achieve acceptable pricing accuracy. Table 6 reports the median and mean pricing errors for the nonredeemable convertible bond subsample in Panel A, the callable convertible bond subsample in Panel B, and the callable and putable convertible bond subsample in Panel C. The simple arithmetic average for each statistic is reported. The clean model price is calculated for each convertible outstanding at each month-end. The pricing error is the difference between the clean model price and the clean market price divided by the clean market price.
For the full period and IVF volatility, the average median (mean) pricing errors are À0.04% (0.22%) for the nonredeemable convertible bonds; À0.50% (À0.16%) for callable convertible bonds; À0.38% (0.24%) for callable and putable convertible bonds; and À0.18% (0.21%) overall. The Bloomberg six-month and at-the-money implied volatilities lead to similar average pricing errors. All the average median and mean pricing errors are within 60.63% during the full period, although they are somewhat smaller for the nonredeemable convertibles than for the redeemable convertibles.
The average median and average mean pricing errors for the nonredeemable convertible bonds are smallest during the postcrisis period and largest during the short selling ban period for all three volatility estimation methods. They are also largest during the short selling ban period for all three volatility estimation methods for callable convertibles and callable and putable convertibles. No clear pattern of dominance is evident in the precrisis, crisis, and postcrisis subperiod pricing errors for callable convertibles or callable and putable convertibles. No clear pattern of dominance is evident in the full period average pricing errors across the three volatility estimation methods and the three samples of convertibles. 9 The sample of convertible bonds has the following characteristics: (a) issued in the United States between January 2, 2006, and December 31, 2010; (b) initial issue size of $100 million or greater; (c) convertible into the bond issuer's common stock; (d) TRACE prices available at least weekly between the issue date and the earliest of conversion, redemption, or January 31, 2014; (e) rated by Moody's Investors Service or Standard & Poor's throughout the sample period; and (f) fixed coupon rate. The sample end date was chosen so as to have at least three years of pricing data for each bond to test the model. Characteristics (b) and (d) are designed to exclude relatively illiquid issues; (c) excludes bonds exchangeable either for another firm's common stock or for a basket of stocks; (e) is needed to value the straight bond component; and (f) is designed to exclude bonds with contingent or floating interest rates. 
Conclusion
This article describes a new closed-form contingentclaims model for valuing a convertible bond. The model values convertibles as the sum of the value of the straight bond component and the value of the option to exchange the straight bond for the underlying conversion shares. The article provides explicit formulas for the value of the exchange option and the value of the convertible bond. It also compares market and model prices for a sample of 148 convertible bonds. The average median and mean pricing errors are À0.18% and 0.21%, respectively, which are within the average bid-ask spread for convertibles during the postcrisis period.
The closed-form exchange option pricing model is easy to use. Calculate the value of the straight bond and add the value of the exchange option. The model can be extended to value putable convertibles. Moreover, there is little loss of pricing accuracy when the firm's stock price volatility is used in place of the price ratio volatility. This finding is consistent with the general valuation practice of assuming that the interest rate is constant and the firm's share price is the only source of volatility.
